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ELECTROMAGNETIC MWD TELEMETRY SYSTEM 
INCORPORATING A CURRENT SENSING TRANSFORMER 

5 This invention is directed toward geophysical measurement apparatus and 

methods employed during the drilling of a well borehole. More specifically, Hie 
invention is directed toward an electromagnetic telemetry system for transmitting 
information from a downhole assembly, which is operationally attached to a drill string, 
to the surface of the earth. A transmitter induces a current, indicative of the information, 
10 within the drill siring. The current is measured with a receiver located remote from the 
downhole assembly, and the desired information is extracted from the current 
measurement 

BACKGROUND OF THE INVENTION 

15 

Systems for measuring geophysical and other parameters within and in the 
vicinity of a well borehole typically fell within two categorizes. The first category 
includes systems that measure parameters after the borehole has been drilled, These 
systems include wireline logging, tubing conveyed logging, slick line logging, production 

20 log ging , permanent downhole sensing devices and other techniques known in the art. 
The second category includes systems that measure formation and borehole parameters 
while the borehole is being drilled. These systems include measurements of drilling and 
borehole specific parameters commonly known as "measittements-while-drilling'' 
(MWD), measurements of parameters of earth formation penetrated by the borehole 

25 c ommo nly known as 'logging-whileHfrilling" (LWD), and measurements of seismic 
related properties known as T, seismic-whUe-drilling n or.(SWD)- 

For brevity, systems that measure parameters of interest while the borehole is 
being drilled will be referred to collectively in this disclosure as "MWD" systems. 
Within the scope of this disclosure, it should be understood the MWD systems also 

30 include logging- whil e-Hri ll in g and seismic-while^iriUing systems. 
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An MWD system typically comprise a downhole assembly operationally attached 
to a downhole end of a drill siring. The downhole assembly typically includes at least 
one sensor for measuring at least one parameter of interest, control and power elements 
for operating the sensor, and a downhole transmitter for transmitting sensor response to 
5 the surface of the earth for processing and analysis. Alternately, sensor response data can 
be stored in the downhole assembly, but these data are not available in "real time" since 
they can be retrieved only after the downhole assembly has been returned or "tripped 1 to 
the surface of the earth. The downhole assembly is terminated at the lower end with a 
drill bit 

10 A rotary drilling rig is operationally attached to an upper end of the drill string. 

The action of the drilling rig rotates the drill string and downhole assembly thereby 
advancing the borehole by the action of the rotating drill bit. A receiver is positioned 
remote from the downhole assembly and typically in the immediate vicinity of the 
drilling rig. The receiver receives telemetered data from the downhole transmitter. 

15 Received data is typically processed using surface equipment, and one or more 
parameters of interest are recorded as a function of depth within the well borehole 
thereby providing a "log" of the one or more parameters. 

Several techniques can be used as a basis for the telemetry system. These systems 
include drilling fluid pressure modulation or "mud pulse" systems, acoustic systems, and 

20 electromagnetic systems. 

Using a mud pulse system, a downhole transmitter induces pressure pulses or 
other pressure modulations within the drilling fluid used in drilling the borehole. The 
modulations are indicative of data of interest, such as response of a sensor within the 
downhole assembly. These modulations are subsequently measured typically at the 

25 surface of the earth using a receiver means, and data of interest is extracted from the 
modulation measurements. Data transmission rates are low using mud pulse systems. 
Furthermore, the signal to noise ratio is typically small and signal attenuation is large, 
especially for relatively deep boreholes. 

A downhole transmitter of an acoustic telemetry induces amplitude and frequency 

30 modulated acoustic signals within the drill string. The signals are indicative of data of 
interest. These modulated signals are measured typically at the surface of the earth by an 
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acoustic receiver means, and data of interest are extracted from the measurements. Once 
again, data transmission rates are low ? the signal to noise ratio of the telemetry system is 
small, and signal attenuation as a function of depth within the borehole is large. 

Electromagnetic telemetry systems can employ a variety of techniques. Using 
5 one technique, electromagnetic signals are modulated to reflect data of interest. These 
signals are transmitted from a downhole transmitter, through intervening earth formation, 
and detected using an electromagnetic receiver means that is typically located at the 
surface of the earth. Data of interest are extracted from the detected signal. Using 
another electromagnetic technique, a downhole transmitter creates a current within the 

10 drill string, and the current travels along the drill string. This current is typically created 
by imposing a voltage across a non-conducting section in the downhole assembly. The 
current is modulated to reflect data of interest A voltage generated by the current is 
measured by a receiver means, which is typically at the surface of the earth. Again, data 
of interest are extracted from the measured voltage. Response properties of 

15 electromagnetic telemetry systems will be discussed in subsequent sections of this 
disclosure. 

SUMMARY OF THE INVENTION 

20 The present invention is an electromagnetic telemetry system for transmitting data 

from a downhole assembly, which is operationally attached to a drill string, to a telemetry 
receiver system. The data are typically representative of a response of one or more 
sensors disposed within the downhole assembly. A downhole transmitter creates a signal 
current within the drill string. The signal current is modulated to represent the 

25 transmitted data. Signal current is then measured directly with a telemetry receiver 
system. The telemetry receiver system includes a transformer that surrounds the path of 
the current, and a receiver. The transformer preferably comprises a toroid that responds 
directly to the induced signal current Output from the transformer is input to the receiver 
located remote from the downhole assembly and typically at the surface of the earth. 

30 Alternately, voltages resulting from the signal current can be measured with a rig voltage 
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receiver and. combined with the direct current measurements to enhance signal to noise 
ratio. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 

So that the maimer in which the above recited features, advantages and objects the 
present invention are obtained and can be understood in detail, more particular 
description of the invention, briefly summarized above, may be had by reference to the 
embodiments thereof which are illustrated in the appended drawings. 
10 Fig, 1 conceptually illustrates an electromagnetic telemetry system embodied in a 

MWD system and comprising a downhole transmitter and receiver assembly, wherein a 
transmitter creates a modulated signal current, within a drill string, indicative of response 
of at least one sensor in a downhole assembly and the receiver assembly comprises a rig 
voltage receiver, 

15 Pig. la illustrates a downhole transmitter system comprising a non-conducting 

section, wherein a voltage is imposed across the non-conduction section thereby creating 
the signal current within the drill string; 

Fig. 2 is side view of a land based MWD system comprising an electromagnetic 
telemetry system configured to measure drill string current directly, and to input the 
20 current measurement into an electromagnetic current receiver; 

Fig. 3 is a perspective view of MWD system comprising an electromagnetic 
telemetry system configured to measure drill string current directly in the presence of 
additional boreholes drilled from a common drilling template; 

Fig* 4 is side view of a sea based MWD system comprising an electromagnetic 
25 telemetry system configured to measure drill string current directly, wherein die toroid 
transformer and cooperating electromagnetic current receiver are in close proximity to the 
sea bed and remote from the drilling rig; 

Fig. 5 is side view of a MWD system comprising an electromagnetic telemetry 
system configured to measure drill string current directly, wherein the toroid transformer 
30 is disposed in a casing-borehole annulus and operationally connected to an 
electromagnetic current receiver axe in close proximity to the drilling rig; 



4 



MAY. 4.2004 4:01 PM PRECISION DRILLING ' ~ NO. 289 P. 7 

AES 03-004 
Patent Application 

Fig. 6 is a functional diagram of a rig voltage measurement and a drill string 
current measurement being combined, using a processor, to improve signal to noise ratio 
of an electromagnetic telemetry system which creates current within a drill string; 

Fig. 7 is a functional diagram of a plurality of drill string current measurements 
5 being combined, using a processor means, to improve signal to noise ratio of an 
electromagnetic telemetry system which creates current within a drill string; 

Fig, 8a illustrates a method for combining a noise measurement with a signal 
measurement to obtain an enhanced measure of signal; and 

Fig. 8b illustrates a method for analyzing a noise measurement and combining this 
1 0 analysis with a signal plus noise measurement to obtain an enhanced measure of signal 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 illustrates an electromagnetic (EM) telemetry system embodied in a MWD 

15 system. A downhole assembly 10 is shown disposed in a well borehole 24 which 
penetrates earth formation 20. The upper end of the downhole assembly 10 is 
operationally attached to a lower end of a drill string 25. The lower end of the borehole 
assembly is tenninated by a drill bit 16, The upper end of the drill string 25 terminates at 
a rotary drilling rig assembly 32 positioned at the surface 22 of the earth. The rotary 

20 d rilling rig comprising a derrick 31 and rig elements 28. Elements not shown but 
included in the rig elements 28 are drilling fluid pumping and circulation equipment, 
draw works, a motor operated rotary table, a cooperating kelly, and other elements known 
in rotary drilling- The drilling rig rotates the drill string and attached drill bit 16 thereby 
advancing the borehole 24. 

25 Still referring to Fig. 1, the downhole assembly comprises an EM transmitter 12 

which creates a "signal" current in the drill string 25, as illustrated conceptually by the 
arrows 21. Hereafter, for purposes of discussion, the' signal current will be referred to 
and identified by the numeral 21. The EM transmitter 12 also generates current within 
the formation 20, as illustrated by the constant current contours 36. Signal current 21 

30 flowing up the drill string 25 induces voltage within the formation 20, as illustrated 
conceptually by tfie broken line constant voltage contours 34. Inputs of an EM receiver 
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30 are electrically connected to the rig 32 and to a remote ground 37 by means of a 
• conductor 35. The receiver measures a "response signal", which can be a voltage or a 
current The EM receiver 30 as configured in Fig. 1 will be referred to as a "rig voltage" 
receiver. The remote ground 37 can be an iron rod driven in the surface 22 of the earth 
5 approximately 100 meters from the rig 32- As shown conceptually in Fig. 1, the EM rig 
voltage receiver 30 responds to an integral of the electric field between the rig 32 and the 
remote ground 37. The rig 32 is typically a good conductor, and the electrical potentials 
are nearly equal on many parts of the rig, For purposes of illustration, the conductor 35 is 
shown connected to the derrick 31. Alternately, the conductor 35 can be electrically 
10 connected to a blow out preventer (BOP) of the type shown in Fig. 2. 

Still referring to Fig. 1, the downhole assembly typically comprises at least one 
sensor 14 that is used to measure a signal which is related to at least one parameter of the 
formation 20 or the borehole 24. The sensor 14 is preferably controlled and powered by 
an electronics package 11. The output signal of the sensor 14 is input to the EM 
15 transmitter 12. The EM transmitter 12 modulates the current (again represented 
conceptually by the arrows 21) flowing up the drill string to form a signal current 
representative of the sensor signal response. The EM transmitter 12 can also be powered 
and operated by the electronics package 1 1 . Modulation can be analog or digital. 

Fig. la illustrates one embodiment of a downhole transmitter system and 
20 downhole assembly 10 (see Fig. 1) used to create a modulated signal current 21. The 
downhole assembly 10 comprises two conducting sections 110 and 1 12 separated by non- 
conducting section 114. The downhole transmitter 12 comprises a voltage source 120 
and a cooperating modulator 122. Signals from the sensor 14 (see Fig, 1) are input to the 
transmitter 12, and output from the voltage source 120 is modulated via the modulator 
25 122 to represent response of the sensor 14. Power and control of the voltage source 120 
and the modulator 122 are preferably provided by the electronics package 1 1 (see Fig, 1), 
Modulated voltage, output from the transmitter 12; is applied at contacts 126 and 128 
across the non-conducting material thereby generating the signal current 21, which 
subsequently travels up the drill string to which the downhole assembly 10 is attached. 

30 

i 
i 
i 
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While Fig. la illustrates a downhole transmitter system having a non-conducting 
section 14, it should be recognized that other embodiments can be employed. For 
example, the downhole transmitter system could use a system such as that described in 
U.S. Patent 5,394,141, which is incorporated herein by reference. 
5 The EM rig voltage receiver 30, embodied as shown in Fig. 1, responds to the 

integral of the electric field between the rig 32 and the remote ground 37, which contains 
the modulated signal from the sensor 14. The response of the rig voltage EM receiver 30 
is demodulated and preferably input to surface equipment 36 where it is converted into 
the formation or borehole parameter of interest. Output from the surface equipment 36 

10 representative of the parameter of interest is recorded as a function of well depth by a 
recording means 38 thereby generating a "log" 40 of the parameter. It should be 
understood that the recording means 38 can be digital or analog, and the log 40 can be in 
the form of a digital recording, an analog hard copy, and the like. 

When the EM telemetry receiver system is embodied to measure rig voltage as 

15 shown in Fig- I, signal to noise ratio of the measurement can be degraded. The conductor 
35 can be exposed to changing external magnetic fields, which induces added noise 
voltage at the input of the EM rig voltage receiver 30. The signal to noise ratio can often 
be enhance by measuring the signal current directly, as will be set forth in subsequent 
sections of this disclosure. 

20 Fig. 2 depicts the upper portion of a land based MWD system comprising an 

electromagnetic telemetry receiver system configured to directly measure signal current 
21 induced in the drill string 25. The bottom or downhole portion of the MWD system is 
illustrated in Fig. 1. The drill string 25 is again shown suspended in a borehole 24 by a 
drilling rig 32 comprising a derrick 31, rig elements 28, and a BOP 51. A transformer 

25 element 50 of the EM receiver assembly is used to directly measure signal current 21 
induced in the drill string 25. The transformer 50 is preferably a toroid that surrounds the 
signal current path, namely the drill string 25. The toroid is preferably made of laminated 
high initial permeability 80% nickel steely and turns on the secondary are preferably 
10,000 turns. In the embodiment shown in Fig, 2, the toroid 50 is shown surrounding the 

30 drill string 25 above the BOP 51. Alternate locations for the transformer toroid can be 

used. The signal' current 21 induces a transformer voltage, which is a response signal : 

i 
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containing the modulated sensor signal, within the toroid 50. This induced transformer 
current is input into an EM receiver 30 where it is demodulated to yield a direct signal 
current measurement related to the sensor signal. A response signal comprising a 
response cuirent is also induced within the transformer 50 by the signal current 21 . This 
5 response signal can alternately be input into the EM receiver 30, where it is demodulated 
to yield the direct signal current measurement related to the sensor signal. Either of these 
types of electromagnetic receiver system will be referred to as a 11 current 1 ' receiver. Even 
though the receiver 30 can respond to either input current or voltage, the receiver system 
measures the signal "current" 21. The surface equipment 36 and recorder 38 cooperate 

10 with the EM current receiver to produce a log 40 of one or more parameters of interest, as 
discussed in a previous section of this disclosure, 

Fig. 3 is a perspective view of a MWD system comprising an electromagnetic 
telemetry receiver system configured to measure signal current 21 in the drill string 25 of 
a borehole 57 of an active drilling well in the presence of completed* wells 54 and 56 

15 previously drilled from a common drilling template 52. The rig voltage signal from the 
borehole 57, as defined in the discussion of Fig. 1 7 is attenuated by a short circuit effect 
from the template 52 and completed wells 54 and 56, A direct measure of signal current 
21 in the drill string 25 in the borehole 57 of the drilling well enhances the signal to noise 
ratio of the demodulated sensor signal. The drill string 25 typically operates within 

20 casing 60 5 commonly referred to as "surface 11 casing. A toroid transformer 50 surrounds 
the casing 60 of the drilling well below the template 52 and above the surface of the earth 
22. The signal current 21 induces a transformer current, containing the modulated sensor 
signal, directly in the toroid transformer 50 before short circuiting effects of the template 
52 and completed wells are encountered. This enhances the signal to noise ratio. Output 

25 from the toroid transformer is input to the EM current receiver 30 and processes as 
previously discussed to obtain measures of formation and borehole parameters of interest. 

Fig. 4 is an illustration of an offshore MW£) system comprising a rig 32 which 
operates a drill string 25 and cooperating downhole assembly (not shown) that traverses 
water 19 to advance a borehole 24 through earth formation 20 below the water, The drill 

30 string 25 typically operates through a section of casing 60, typically referred to as a 
"riser". The offshore system is applicable to inland waters as well as sea water. For 



8 



MAY, 4. 2004 4:02PM PRECISION DRILLING 



NO. 289 P. 



ABS 03-004 
Patent Application 

purposes of discussion, it is assumed that the offshore MWD system is operating in sea 
water. A signal from a downhole EM transmitter 12 (see Fig. 1) is not only attenuated by 
earth formation 20, but also by the water 19. Effects of water attenuation can be 
minimized by disposing the toroid transformer SO preferably around the casing 60 below 
5 the surface 22b of the water 19 to measure signal current 2 1 in close proximity of the sea 
bed 22a. This geometry essentially eliminates attenuation effects of the water 19. Output 
from the toroid transformer 50 is input to the EM current receiver 30. The EM current 
receiver 30 can be disposed below the surface 22b of the water 19 (as illustrated in Fig. 
4) ? and output from the current receiver transmitted to the surface equipment 36 by means 

10 of a "hard wire" communication path 57. Alternately, the EM current receiver 30 can be 
disposed above (not shown) the water surface 22b and output from the toroid transformer 
50 can be tr ansmit ted to the EM current receiver by means of a hard wire communication 
path. The hard wire communication path is preferably, but not limited to, an electrical 
conductor such as a coaxial cable. Output from the EM current receiver 30 is processed 

15 as previously discussed to obtain measures of formation and borehole parameters of 
interest. 

Fig. 5 illustrates yet another embodiment of a MWD system comprising an EM 
telemetry system. A downhole assembly is shown disposed within a borehole 24 by 
means of a drill string 25. An intermediate string of casing 60 has been set, and the 

20 borehole has been further advanced in the formation 20 by action of the drill bit 16 
cooperating with the drilling rig 32. A toroid transformer element 50 of the receiver 
' assembly is shown disposed in the annulus defined by the walls of the borehole 24 and 
the outside diameter of the casing 60. Operationally, the transformer 50 can be 
positioned near the bottom of the casing string 60 before the casing string is run into the 

25 borehole 24. The toroid transformer 50 is operationally connected to the EM current 
receiver 30 located at the surface 22 of the earth, and preferably in close proximity to the 
rig 32, by means of a hard wire communication link 6l such as a coaxial cable. Signal 
current 21 is measured directly near the bottom of the intermediate casing string 60. 
Attenuation of signal current from the EM transmitter 12 (see Fig. 1) disposed in the 

30 downhole assembly 10 is reduced by the measuring signal current at the bottom of the 
casing 60 rather than at the surface 22 of the earth. This arrangement effectively reduces 



MAY. 4. 2004 4:02PM, PRECISION DRILLING NO. 289 P. 

* l 

AES 03-004 
Patent AppUcauon 

the effective current path length thereby enhancing the signal to noise ratio. Alternately, 
one or more amplifiers and the EM current receiver 30 can be located downhole (not 
shown) to further enhance signal to noise ratio. 

In summary, embodiments illustrated in Figs 3, 4 and 5 locate the toroid 50 
5 remote from the rig 32 (or remote from a template 52 through which the rig opexates as 
shown in Fig. 3), to optimize measured response signal with respect to any noise 
associated with the measurement. 

Signal to noise ratio can be increased by combining multiple signals of different 
types that contain components related to a common signal. In the case of the MWD EM 

10 telemetry system, both rig voltage measurements and direct current measurements 
contain a common component, namely a signal component related to the response of a 
sensor 14 (see Fig. 1) from which a borehole or fonnation parameter of interest is 
determined. Noise components of these measurements are different. Fig 6 is a functional 
diagram illustrating a rig voltage measurement, from a rig voltage receiver, and one or 

15 more direct current measurements 30a being combined to obtain a measurement of a 
parameter of interest with an enhanced signal to noise ratio. The one or more direct 
current measurements "n" are designated as EM REQ (i = 1, — ,n) indicating that these 
measurements are taken from corresponding EM current receivers 30- Alternately, 
currents induced in the toroid transformers 50 by the signal current 21 can be used 

20 directly, Toroid transformers are disposed at multiple locations along the drill string, or 
at multiple locations on the drilling rig 32. Since signal current 21 flows from the drill 
string 25 through the rig 32 and derrick 32 to ground (as illustrated conceptually in Fig. 
5), multiple measurements are obtained of the same signal that have traversed different 
paths. Signals are input into the surface equipment 36, which preferably contains a 

25 processor 70. The multiple signals are combined with the processor 70 yielding an 
enhanced signal 72 thai is input to the recorder 38 to generate the desired log 40 of the 
parameter of interest. 

As mentioned above, signal to noiss ratio can be enhanced by combining multiple 
receptions of the same signal that have traversed different paths. Fig. 7 is a functional 

30 diagram illustrating the use of a plurality V of direct current measurements 30a being 
combined to obtain a measurement of a parameter of interest with enhanced signal to 
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noise ratio. Again, the direct current measurements are designated as EM,RECi (i = 1 7 ... 
? n) indicating that these measurements are taken from corresponding EM current 
receivers 30. Alternately, currents induced in the toroid transformers 50 by the signal 
current 21 can be used directly. Again, toroid transformers are disposed at multiple 
5 locations along the drill string, at multiple locations on the drilling rig 32, or at a 
combination of these locations yielding multiple receptions of the same type of signal that 
have traversed different paths. Once again, signals are input into the surface equipment 
36, which preferably contains the processor 70. These multiple signals are combined 
using the processor 70 yielding an enhanced signal 72 which is input to the recorder 38 to 

10 generate the desired log 40. 

Noise sources can be measured uniquely and directly using previously discussed 
voltage and current measurement techniques. An example of such noise would be pump 
stroke related noise generated in drilling rig operation. Fig. 8a illustrates one application 
of a noise measurement. With the sensor 14 inactive ox "OFF", current 21 resulting only 

15 from noise is measured at 152. With the sensor 14 active or n ON", current resulting from 
sensor signal plus noise is measured at 150. The noise measurement 152 and the signal 
plus noise measurement 150 are combined at 154 to obtain an enhance signal at 156. 
Combination may simply comprise normalization and determining the difference in 
signal and signal plus noise measurements to obtain the enhanced signal measurement 

20 156, Alternately, correlation or fitting techniques can be used in combining the signal 
and signal plus noise measurements to obtain the enhanced signal measurement 156. 

Noise measurements can also be used to select optimum signal transmission 
frequencies to minimize effects of the noise, or to determine optimum, means for 
combining previously discussed multiple signal plus noise measurements to minimize 

25 noise effects (see Figs. 6 and 7 and related discussion). This is illustrated in the form of a 
flow chart in Fig. 8b. Noise is measured with the sensor OFF at 160. The noise signal is 
analyzed at 162 to determine optimum conditions (such as optimum frequencies) for 
measurement of the current 21 when the sensor is ON. Signal current 21 containing both 
signal (sensor ON) and noise is measured at 164. Noise and signal plus noise 

30 measurements from a plurality of receiver systems can be used. The signal plus noise 
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current measurement is processed at 166 using noise analysis information obtained at 
162. Output from the processing is an enhanced signal measurement at 168. ' 

While the foregoing disclosure is directed toward the preferred embodiments of 
5 the invention, the scope of the invention is defined by the claims, which follow. 

What is claimed is: 



i 



12 



